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A classical inflation-eruption-deflation cycle of a volcano is useful to conceptualize the time-4
evolving deformation of volcanic systems. Such a model predicts accelerated uplift during5
pre-eruptive periods, followed by subsidence during the co-eruptive stage. Some volcanoes show6
puzzling persistent uplift signals with minor or no other geophysical or geochemical variations,7
which are difficult to interpret. Such temporal behaviors are usually observed in large calderas8
(e.g, Yellowstone, Long Valley, Campi Flegrei, Rabaul), but less commonly for stratovolcanoes.9
Volcano deformation needs to be better understood during inter-eruptive stages, to assess its10
value as a tool for forecasting eruptions. Here, we analyse inter-eruptive uplift signals at Three11
Sisters, a complex stratovolcano in Oregon (USA), which in recent decades shows persistent inter-12
eruptive uplift signals without associated eruptive activity. Using a Bayesian inversion method,13
we re-assessed the source characteristics (magmatic system geometry and location) and its14
uncertainties. Furthermore, we evaluate the most recent evolution of the surface deformation15
signals combining both GPS and InSAR data through a new non-subjective linear regularization16
inversion procedure to estimate the 26 year-long time-series. Our results constrain the onset of17
the Three Sisters volcano inflation to be between October 1998 and August 1999. In the absence18
of new magmatic inputs, we estimate a continuous uplift signal, at diminishing but detectable19
rates, to last for few decades. Finally, we compare Three Sisters volcano time series with historical20
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uplift at different volcanic systems. Proper modeling of scaled inflation time series indicates a21
unique and well-defined exponential decay in temporal behaviour. Such evidence supports that22
this common temporal evolution of uplift rates could be a potential indicator of a rather reduced23
set of physical processes behind inter-eruptive uplift signals.24
Keywords: Inter-eruptive deformation, characteristic relaxation time, CGPS, InSAR, Geodetic time series, Three Sisters volcano25
1 INTRODUCTION
Many volcanoes follow a common deformation pattern consisting of uplift during inter-eruptive periods26
and subsidence in co-eruptive stages, occasionally interrupted by periods of quiescence or subsidence.27
Some other volcanoes do not however exhibit this simple behavior (Biggs and Pritchard, 2017). Part of28
them show puzzling non-steady persistent uplift signals that can last from days to years with minor or29
no other geophysical or geochemical variations, which are difficult to interpret. Therefore, uplift during30
inter-eruptive episodes cannot be only interpreted as a pre-eruptive precursory indicator.31
Such temporal behavior is usually observed in large calderas (e.g, Yellowstone, Long Valley, Campi32
Flegrei, Rabaul), but less commonly for stratovolcanoes. Three Sisters Volcanic Complex, located in the33
Cascade Range volcanic arc of Oregon (Figure 1), is a good example of a dormant system with persistent34
inter-eruptive uplift without associated eruptive activity or significant seismicity. In 2001, ERS-1/2 satellite35
interferometric synthetic aperture data (InSAR) analysis from 1992 to 2000 revealed active uplifting36
located 6 km west of South Sister (Wicks, 2002). Previous studies (Wicks, 2002; Dzurisin et al., 2006,37
2009; Riddick and Schmidt, 2011) show evidence that observed uplift can be described by a spherical point38
source within an homogeneous isotropic elastic half-space. Nevertheless, deformation source geometry is39
non-unique and sources as horizontal crack, vertical prolate spheroid, and sill-like have been proposed at40
Three Sisters to fit geodetic data. Interpretation of the temporal evolution of InSAR, leveling and GPS data41
suggests the beginning of deformation in late 1997 or 1998, with a maximum uplifting rate of 3−5cm/year42
during 1998−2001. Microgravity data collected between 2002−2009 show no significant change in the43
mass flux across the deforming area (Zurek et al., 2012). No studies have been published about the uplift44
evolution over the last decade. The uplift process was still on-going in January 2020, when this manuscript45
was prepared.46
An important goal in volcano eruption forecasting is to find how the deformation time-series can47
distinguish among physical processes, especially during inter-eruptive periods leading to a pre-eruptive48
scenario. The latter are characterized by new injections of magma/increment of volatiles, viscoelastic49
relaxation of the media, or a mixing of different coeval processes. Therefore, we must constrain what50
controls usually long-lived or persistent uplift at volcanic centers. Le Mével et al. (2015) show that the51
temporal evolution of deformation surprisingly follows the same pattern for different volcanic systems52
at specific analyzed periods (Yellowstone, Long Valley, Laguna de Maule and Three Sisters). This is53
consistent with the hypothesis that similar processes may be at work. After this stage, these volcanoes54
presented an eventual pause and/or change to subsidence (related to seismic events and/ or hydrothermal55
changes), but did not produce an eruption.56
In this work, we studied the time-scales of inter-eruptive uplifting volcanoes, in particular the Three57
Sisters deformation time-series. We aimed to determine whether Three Sisters is still inflating, analyzing58
available continuous GPS data since 2001 and multiple satellite interferometric data spanning the 1993-59
2020 period. A consistent analysis of the time-evolution and mechanisms underlying the Three Sisters60
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uplift signal is a challenging task. Therefore, we proposed combining multiple geodetic data-sets using61
an improved linear regularization method based on Truncated Singular Value Decomposition (TSVD)62
(González et al., 2013) to find an optimal regularization criteria for Three Sister data-set combination.63
We obtained a seamless, continuous time series of volume change (and its uncertainties) with which to64
rigorously assess changes over the 26-year studied period. Finally, we compared the Three Sisters temporal65
behaviour to other well-known examples of uplifting volcanoes to understand (1) whether a variety or not66
of physical mechanism are at work behind deformation and, if so, (2) if uplift time-scales are informative67
of whether a certain volcano is on a late or early stage of the inter-eruptive period.68
2 DATA SETS
Geodetic information for Three Sisters volcanic center has been accumulating since the discovery in 200169
of surface deformation, first detected by InSAR (Wicks, 2002). Nowadays, deformation is continuously70
monitored through GPS. We aim to use all available geodetic data to extend the detailed uplift history to71
the present (2020).72
2.1 Continuous GPS73
In May 2001, the U.S Geological Survey (USGS), in collaboration with the U.S. Forest Service, installed74
a continuous GPS station (HUSB) near the actively deforming area. It was strategically installed at a75
location approximately ∼ 2 km northwest of the detected uplift center. HUSB is part of the USGS Pacific76
Northwest Network, so it is automatically processed to obtain daily coordinates. No other regional and77
local continuous GPS station falls within the deformation area. Hence, the HUSB time-series is particularly78
important to understand the surface deformation time-scales at Three Sisters.79
Daily GPS data (coordinates and their uncertainties) are analyzed by the USGS using GIPSY/OASIS80
II software. Common-mode daily biases are estimated and removed using QOCA (Dzurisin et al., 2009).81
Three Sisters is located near the actively deforming Cascadia margin, so any geodetic data and coordinates82
must consider the wider regional deformation patterns. The motion of a background steady rigid-body83
motion with a rotation pole situated near the eastern limit of Oregon must therefore be removed from the84
time-series, and a correction for predicted horizontal tectonic motion should be applied. Here, we remove a85
linear trend of 4.29 mm/yr for the North component and 1.50 mm/yr for the East component. This model86
prediction represents an update and improved version of the horizontal displacements at HUSB (Dzurisin87
et al., 2006, 2009; M. Lisowsky personal communication, Cascades Volcano Observatory, 2017).88
Figure 2 shows the resulting GPS displacements between July 2001 and January 2020. CGPS data reveals89
several gaps that occurred due to snowfall in the winter seasons. Furthermore, CGPS shows a gap and90
a posterior data offset during August 2017-August 2018. USGS data site reports some readjustment of91
HUSB permanent station during this period and these could explain some of the gaps and offsets in the92
time series.93
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2.2 Interferometric Synthetic Aperture Radar (InSAR)94
Our InSAR data set includes 85 interferometric pairs, with temporal baselines from 35 to 2894 days, from95
four satellite missions (ERS, ENVISAT, ALOS-1 and Sentinel-1). ERS and ENVISAT SAR images were96
acquired during summer and fall between 1993 and 2010 (descending orbits, tracks 113 and 385; ERS97
and ENVISAT look angles 20.2◦ and 19.8◦, respectively). We used 51 interferograms processed with the98
ROI PAC software (Rosen et al., 2004) and unwrapped using SNAPHU (Chen and Zebker, 2002), with99
perpendicular baselines up to 500 m, as explained by Riddick and Schmidt (2011).100
To improve the temporal coverage of InSAR observations, we also analyzed data from the ALOS-1101
and Sentinel-1 SAR data missions. The mean line-of-sight velocity of ALOS-1 data (path 219, ascending102
orbit, look angle 38.7◦) was obtained during January 2007- March 2011. Most individual interferograms in103
the Cascades range show poor coherence because of vegetation and seasonal snow coverage, hence we104
also processed 4 Sentinel-1 summer-to-summer and summer-to-late spring interferometric pairs, between105
September 2015 and May 2018, for descending (path 115, look angle 39.8◦) and ascending (path 137, look106
angle 38.8◦) orbits. To provide deformation data during the GPS gap mentioned above, two Sentinel-1107
interferometric pairs cover that period (Figure 6). We used JPL InSAR Scientific Computing Environment108
(ISCE) software (Rosen et al., 2012), processing Level-0 raw ERS-1 and ALOS-1, and SLC-level Sentinel-1109
radar data. All interferograms were corrected for orbital and topographic contributions using precise orbit110
information and the SRTM digital elevation model (Farr et al., 2007). We also reprocessed a highly coherent111
interferometric pair for ERS-1 track 365 (descending orbit, corresponding to August 1997 - September112
2000). This interferogram was essential to further re-evaluate the magmatic source location and constrain113
its uncertainties.114
L-band data (wavelength ∼ 24 cm) from ALOS-1 was very useful to avoid decorrelation owing to the115
vegetation encompassing the Three Sisters area. Although the LOS deformation rate from 2006 to 2010 is116
small (about 6−8 mm/yr) making it difficult for a single L-band interferogram to detect the deformation117
signal (Riddick and Schmidt, 2011), a cumulative LOS deformation time-series can detect such changes118
in rate. The corresponding time-series was processed by StaMPS Version 3.3.b1 to study the surface119
deformation, applying the Small Baselines method for 30 interferometric pairs (Hooper et al., 2012;120
Bekaert et al., 2017). Small Baselines method minimizes decorrelation in natural terrains. So, it is an121
appropriate method for the Three Sisters area, which lacks man-made structures and hence offers few122
dominant persistent scatterers.123
Due to the small deformation rate (5.8 mm/year for the period June 2015 - January 2020) and low124
signal-noise ratio in the Cascades, geodetic data must be analyzed carefully (Poland et al., 2017). Following125
this recommendation, we consider a 1 cm standard deviation for neighboring pixels in all interferograms.126
Only four good quality interferometric pairs were used for the Sentinel-1 observation period. Adding more127
interferograms did not significantly improve the analysis of the volume change time-series. Moreover, the128
analysis of a 6-year long Sentinel-1 dataset in Turkey indicates that surface displacement rate uncertainties129
are mostly dominated by length of observation, rather than larger numbers of available interferograms130
(Weiss et al., 2020). Hence, we consider Sentinel-1 summer-to-summer and summer-to-late spring InSAR131
data to avoid decorrelation due to snow coverage, and to fill a noticeable GPS time-series gap. However,132
the deformation rates could be reexamined in future, using longer Sentinel-1 datasets.133
Figure 3 represents the mean LOS velocity (mm/year) for the ascending path 219 ALOS-1 from January134
2007 to March 2011. Due to the high signal-to-noise ratio, the StaMPS LOS velocity results were noisy and135
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we post-processed them to reduce undesirable oscillations of non-volcanic origin. We applied a band pass136
filter to retain spatial deformation signals between 10 and 0.8 km, using a median filter (GMT blockmedian).137
Although close to the signal-to-noise ratio value, results indicate a 6 km circular uplift pattern west of138
South Sister with a mean LOS velocity of approximately 5−10 mm/year. This mean velocity is consistent139
with a value obtained for the HUSB CGPS station during the same period (5.2 mm/year).140
3 MODELING
Here, we introduce a mathematically rigorous strategy for the joint inversion of time-dependent InSAR141
(different look angles and sensors, high spatial resolution) and continuous GPS (daily sampling) data to142
achieve a complete timeline of volcanic activity and quantify a single time series of volume flux rates. The143
strategy captures the benefits of each system avoiding the time evolution determination on a point-by-point144
basis. It is based on the two-step approach proposed by González et al. (2013) that produces time series of145
volume from sets of different look angles and satellite sensors once an active source is determined for an146
inflation period. In this section, we provide a description of the González et al. (2013) algorithm and extent147
it (1) to include continuous GPS data and therefore to combine different components and/or look vectors148
using a unique source model and (2) to afford a defined method of truncation of the TSVD technique used149
to regularize the inverse problem, with the goal of finding the time evolution of volume and therefore150
to improve the accuracy on the estimation of volume time series. First, we show how the active source151
location (horizontal position and depth) and geometry is determined using a Bayesian inversion approach.152
Subsequently, we solve for temporal evolution of volume.153
3.1 Source Characterization154
First of all, we optimized the active magmatic source through a Bayesian inversion, using InSAR data155
spanning the period of maximum displacement. The horizontal location, depth and geometry of the inflation156
source at Three Sisters was computed using the MATLABr-based software package GBIS (Geodetic157
Bayesian Inversion Software) (Bagnardi and Hooper, 2018), which estimates source parameters through a158
Markov chain Monte Carlo method and uses, among others, analytical forward models from dMODELS159
software package (Battaglia et al., 2013). It obtains the posterior probability distributions (PDFs) for160
all model parameters by taking into account uncertainties in the data (e.g., data errors). To achieve this,161
considering the pattern of surface deformation, we employ simple elastic models such as point spherical162
(Mogi, 1958), prolate spheroid (Yang et al., 1988) and sill-like (Fialko et al., 2001) models. An elastic,163
homogeneous and isotropic half-space is assumed in all the approaches with Poisson’s ratio 0.25. We164
assumed, as previous studies (Dzurisin et al., 2006, 2009; Riddick and Schmidt, 2011), an stationary source165
and we used an interferogram spanning August 1997 - September 2000 to look for source parameters. This166
interferogram fulfills two important conditions to determine the best-fitting static displacements: (1) it167
spans the shortest time during the period of maximum deformation;(2) it shows acceptable signal-to-noise168
ratio. InSAR spatially correlated error (caused mainly by the “wet” tropospheric delay) is estimated by169
modeling experimental semivariograms in deformation-free regions (Bagnardi and Hooper, 2018). InSAR170
data is subsampled with an adaptative quadtree method (Decriem et al., 2010) to reduce the computational171
cost of the Bayesian inversion, particularly for a sill-like source. The inversion computes 2 ·106 iterations172
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for spherical point and 5 · 106 iterations for prolate spheroid and sill-like sources, which stabilizes the173
inversion procedure.174
3.2 Temporal Evolution of the Source Volume Changes.175
Once the magmatic system is fixed, we perform the quasi-dynamic time-dependent model using a linear176
inversion scheme to look for the volume changes at each interferogram’s period and the cumulative volume177
changes since the first GPS observation. Both, volume changes at each interferogram and cumulative178
volume changes from the GPS data are used to solve for the time evolution of volume using TSVD.179
3.2.1 First step: Piecewise volume changes over temporal data periods180
Once the location and geometry of the inflation source are fixed, we determine the volume changes over181
the corresponding time intervals (increments of volume changes, ∆V ) for both, InSAR and CGPS data182
sets, which are assumed to be uncorrelated. In this way, observations from several interferograms and GPS183
sites can be combined to estimate increments of volume changes assuming a unique source model. Each184
volume change, ∆Vi j, records (1) the incremental volume change between two acquisition dates, ti and t j185
from an interferogram or (2) the cumulative increment of volume since the first observation, i.e., t j = t0,186
being t0 the starting date of CGPS.187
A linear inversion scheme using Weighted Least Squares (WLS, Menke, 1989) is applied. The inversion188
is constrained by 55 interferometric pairs (ERS, ENVISAT, Sentinel-1), one ALOS-1 interferogram189
(cumulative LOS deformation time-series) and a 3-component GPS time series. The forward problem is190
defined by d = Gm, where d is the data vector (InSAR or GPS), m is the model parameter (∆V) vector, and191
G is the Green’s function matrix representing the impulse response for the specific elastic source, projected192
into the three components of GPS or the satellite line-of-sight. Therefore, a total of 5064 independent linear193
inversions were performed to find the increments of volume changes, ∆Vi j, given the set of interferograms194
and 5008 cumulative GPS displacements.195




]−1 GT Cd−1d, (1)




. We considered a diagonal variance-covariance matrix, Cd,197
assuming that all data are independent, which significantly reduces the computation time of the inversions.198
Hence, we ignore the possible spatial and temporal correlation noise in InSAR data (e.g., pixel correlation199
due to atmospheric artifacts, topography structures, repeated acquisitions) and between GPS components200
(Biggs et al., 2010; Lohman and Simons, 2005).201
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3.2.2 Second step: Volume Changes Time-series202
We want to solve for the temporal evolution of volume change for each observed epoch tk from ∆Vi j203
obtained on first step considering both InSAR and CGPS data. Instead of volume change itself, the rate of204
volume changes is inverted as a function of time by applying the Short Baseline Subset Approach (SBAS,205
Berardino et al., 2002). This prevents the presence of large discontinuities in the final solution.206
Let ∆V be the data vector of volume changes over the corresponding time intervals (N×1) , and V̇ the207
unknown vector of volume change rates (M×1) between adjacent epochs, t j where the overdot means208










The usual method of converting the observations ∆V on volume change rates is:210
BV̇ = ∆V, (3)
where B is the design matrix (N×M). To determine the components of B, we define a (M× 1) vector211
E, containing the single epochs t j present in all time intervals and sorted in chronological order, for212
j = 1, ...,M; and a (N×2) vector F, whose columns are the slave (tslavei) and master (tmasteri) epochs of213
each i time interval, for i = 1, ...,N. Therefore, the (i, j) component of the design matrix is Bi j = (t j+1− t j)214
for tslavei ≤ t j < tmasteri , and zero elsewhere. In the case of cumulative ∆V (i.e, continuous GPS), B presents215
lower triangular matrix blocks. For example, if volume changes are obtained over different time intervals,216
i.e., if tAB, tBC and tAC (from InSAR data), and tCD, tCE , tCF (from CGPS data) are ∆vAB, ∆vBC, ∆vAC, ∆vCD,217
∆vCE and ∆vCF , the design matrix is given by:218 
(tB− tA) 0 0 0 0
0 (tC− tB) 0 0 0
(tB− tA) (tC− tB) 0 0 0
0 0 (tD− tC) 0 0
0 0 (tD− tC) (tE − tD) 0

















To illustrate the simple example in Equation 4 , let all dates, tA, tB, tC, tD, tE and tF be equally spaced219
at time intervals of 1 year, i.e., tAB = 1 year and so on, and ∆V = [2,1,3,1,2,3] ×106 m3. In this case,220
standard least squares can be applied, given V̇ = [2,1,1,1,1]×106 m3/year. The cumulative volume times221
series is then V = [2,3,4,5,6]×106 m3, meaning a linear inflation rate of 2×106 m3/year in time interval222
tAB and a posterior linear inflation rate of 1×106 m3/year.223
However, the set of ∆Vi j forms, in general, an unconnected set of observations with at least one time224
step not directly related to data, making Equation 4 an ill-posed problem without solution even in the least225
square sense. Thus, given P a definite positive matrix, a least-square solution, ˆ̇V = (BT PB)−1BT ∆V, is226
not possible since Equation 4 constitutes an ill-posed unstable model, with one or more eigenvalues of the227
normal matrix BT PB close to zero. This fact is responsible for large uncertainty on the estimated volume228
change rates, ˆ̇V. Alternatives to the least square method can be proposed for an improved estimate of ˆ̇V:229
Tikhonov regularization (Tikhonov and Arsenin, 1977), Bayesian and stochastic inferences (Backus, 1988),230
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Truncated Singular Value Decomposition (TSVD) or Principal Components (Lawless and Wang, 1976;231
Hansen, 1990, 1992). Here, we consider TSVD as proposed by González et al. (2013).232
3.2.3 Regularized Linear Joint inversion233
A key difficulty in applying the TSVD method is how to set up proper criteria to truncate eigenvalues due234
to the lack of a theoretically solid foundation to discard small nonzero eigenvalues. We developed a strategy235
to circumvent this difficulty based on Picard condition and L-curve methodology. In such way, we are236
assured a good balance, filtering out enough noise without losing too much information in the computed237
solution (Hansen and O’Leary, 1993). Furthermore, we included some estimations of the error of data (∆V)238
to establish some uncertainty in the ˆ̇V estimator. To estimate the uncertainties, the Weighted Generalized239
Inverse method (Menke, 1989) permitted the use of the “a priori” information from the data C∆V (and240
optional model, CV̇ = A
T PA) covariance matrix. Such matrices can be decomposed as:241




where the D (N ×N) and S (M×M) matrices are determined from the eigenvalue problem of each242
covariance matrix. In our case, no model covariance information is used, so CV̇ = I. C∆V is obtained by243
error data propagation through ∆̂V estimator. The utility of D and S is the introduction of a transformed244
coordinate system where data (and optional model) parameters each have uncorrelated errors and unit245
variance. Therefore, ∆Vnew = D∆V, V̇new = SV̇ and Bnew = DBS−1 give the transformation of data, model246
parameters and forward operator in the new system of coordinates. TSVD is applied to Bnew with a specific247
regularization method to find the Principal Components of the observation set (∆V). Then, the problem248
is back to the original coordinates to achieve the solution and finally, the volume change time-series is249
obtained by integrating the volume change rate in time:250
V (t) = ∑V̇ δ t (6)
3.2.4 Regularization: Techniques used for truncation of small eigenvalues251
Some workable criteria for truncation in interdisciplinary problems include L-curve, Discrete Picard252
condition and Generalized cross validation (GCV) (Hansen, 1992, 2007; Hansen and O’Leary, 1993).253
Methods like GCV sometimes fail to find the appropriate regularization parameter (flat local minima),254
whereas the L-curve gives a robust estimation (Hansen and O’Leary, 1993) and the appropriate smoothing255
solution, which is very attractive from a mathematical point of view. We thus designed a strategy based on256
a L-curve to set up proper criteria to truncate the eigenvalues.257
First, we considered the Discrete Picard condition to explain the instability of the transformed linear258
inverse problem (Equation 3) and disregarded the smallest singular values (Hossainali et al., 2010; Hansen,259
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where
∥∥V̇− V̇T1∥∥2 is the regularization error, V̇ and V̇T1 being the exact and truncated SVD solutions; P is261
the regularization parameter value, si are the singular values, and
∣∣uTi ∆Vi∣∣ are called Fourier coefficients262
(∆Vi are data and ui the corresponding eigenvectors of the data space). The Discrete Piccard condition is263
satisfied if, for all singular values larger than P, the corresponding Fourier coefficients decay faster on264
average than si.265
The L-curve method is applied to V̇T1 resulting in turn from applying (Equation 7) through a log-log266
plot of the norm of a regularized solution
∥∥V̇T2∥∥2 versus the norm of the corresponding residual norm267 ∥∥BV̇T2−∆V∥∥2. As recommended by Hansen (1992) we fit the log-log plot of discrete points with some268
curves, choosing a 2D spline curve and then search for the truncation parameter by computing the L-269
corner (maximum curvature point). This corner of the spline curve is approximated to the closest discrete270
point. The L-corner is located exactly where the solution changes in nature from being dominated by271
regularization errors to being dominated by the residual size. This regularization filters out the contribution272
of small singular values and noisy data.273
4 INVERSION RESULTS
4.1 Re-evaluation of Source Location and Geometry274
We performed the Bayesian inversion for spherical point, prolate spheroid and sill-like sources, with275
similar results. The extra modeling parameters of the prolate spheroid did not improve the misfit. For276
simplicity, we show only the results corresponding to spherical point and sill-like sources, represented in277
Figures 4 and 5. Tables 1 and 2 report the PDFs and the 95% credible intervals for all model parameters.278
The inversion reveals that the surface displacements can be explained by a spherical point source with279
depth (4500−6000) m and ∆V (7−13) ·106 m3, and with a sill-like source with depth (5600−7200) m,280
radius (200− 400) m and dimensionless excess pressure 0.06− 0.30. The descending ERS Track 385281
wrapped interferogram reveals a near axisymmetric deformation pattern, with a maximum LOS surface282
displacement of ∼ 5 cm recorded at the center of the uplifting pattern (Figures 4A, D). Figures 4B, E283
present the predicted spherical point and sill-like forward models, using the median value of the PDF of284
the model parameters. As expected from the deformation pattern, both are very similar, suggesting that the285
geometry of the source is far from unique. Therefore, we favor the simplest spherical point source model286
over a sill-like source, to fit deformation pattern displayed in Figures 4A and D. Blue stars represent the287
horizontal location of spherical point and sill-like estimated sources (Tables 1 and 2). Figures 4C and D288
show the residuals between observed LOS displacement, and spherical point and sill-like model predicted289
displacements. The residual is larger close to the Three Sisters complex volcano (green triangles), due to290
orbital and topographic contributions, and also in the western half of the uplift pattern, where data are less291
dense.292
Figure 5 displays the histograms of marginal PDF for the four spherical point and five sill-like source293
parameters. Black solid lines show the optimal values for the corresponding model parameters. For the294
sill-like source, the radius and dimensionless excess pressure PDFs exhibit bi-modality.295
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4.2 Source Inflation Time-series296
We performed a CGPS and InSAR joint inversion to obtain the time-line of volume changes, considering the297
best fitting source location for the spherical point source geometry to better characterize the time-dependent298
inflation of the magma source at Three Sisters.299
To apply our two-step-approach (section 3.2), we use the median, and 5% and 95% percentile values of300
the PDF of depth estimated by the Bayesian inversion. The corresponding values are: dmedian = 5000 m,301
d5% = 4500 m and d95% = 6000 m. The volume change time-series is determined using InSAR data from302
four satellite missions (ERS, ENVISAT, ALOS-1 and Sentinel-1), on five different tracks and look angles,303
and CGPS data from HUSB.304
First, we obtain the increments of each volume change, ∆Vi, relating the Green’s functions (representing305
the source impulse for a buried spherical point source) to the LOS deformation data observed along each306
satellite track and the three component CGPS data. Figures 6 and 7 respectively show results regarding307
estimation of the median value of source depth (dmedian = 5000 m) for InSAR and CGPS data. The308
cumulative increments of volume changes detected at HUSB show gaps due to ice and snow accumulation309
during winter. By means of the daily GPS measurements, the corresponding increments of volume change,310
∆Vi, are more uniform for the CGPS data sets (Figure 7), but more variable for the individual SAR data311
sets (Figure 6).312
Finally, we applied the Picard Plot condition suitable to understand the conditions of the ill-posed problem313
(Equation 3). Figure 8A shows how si only decays faster than the Fourier coefficients (
∣∣uTi ∆Vi∣∣) for the314
smallest nonzero singular values. Hence, the problem can be considered stable, discarding the last 10%315
of the singular values. Due to the stability of the problem, the Picard Plot provides no clues about the316
appropriate level of truncation (Equation 7). Therefore, we use L-curve to determine the truncation level.317
L-curve criterion is fulfilled when L-corner= 1198, i.e., when only the first 24.1% nonzero singular values318
are used in the inversion (Figure 8B).319
The final inflation time-series is shown in Figure 10 and Table 4. The inflation time-series associated with320
the median estimation of the source depth suggests a maximum volume change rate of ∼ 1.60×106 m3/yr321
during 1999− 2001 and a subsequent rate as much as ∼ 0.75× 106 m3/yr for the period 2015- January322




Studies at Three Sisters using InSAR interferometric pairs and stacks (Wicks, 2002; Riddick and Schmidt,326
2011), GPS (campaign and continuous) and leveling (Dzurisin et al., 2009) assessed various source327
geometries such as spherical point, sill-like or crack and ellipsoidal. These different sources can all fit the328
data in a satisfactory way. Our results are consistent with previous findings (Table 3). However, volume329
change rates and depths vary slightly, possibly due to the fact that: (1) there may be a poorly resolved330
deeper magma sources, (2) inversions were limited to purely kinematic models, (3) the source not being a331
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simple model assuming an isotropic elastic half-space and/or not being stable, producing bias due to spatial332
or temporal considerations, (4) diverse inversion techniques and related possible mathematical artifacts,333
(5) different types of data sets and (6) ambiguity of source geometries. We assumed a simple, stable,334
purely kinematic model as a valid approach, following the results of Dzurisin et al. (2009) and Riddick and335
Schmidt (2011), for estimating volume time series. Now, we focus on discussing the implications of (4),336
(5) and (6).337
A range of common techniques to estimate source location has been used, like forward modeling, grid338
search by iteratively fixing of one parameter, arithmetic mean to obtain range values, or grid search.339
However, the Bayesian approach presents important advantages: (1) robust inversion for a single or more340
InSAR interferograms with an acceptable signal-to noise-ratio and/or GPS data, (2) rapid simultaneous341
inversion of all model parameters; (3) use of data uncertainty and prior model information; and (4) efficient342
sampling of posterior PDFs to estimate optimal model parameters and the associated range of error. Bearing343
in mind such advantages, to obtain a robust estimate of source geometry and location we only need geodetic344
data with high spatial coverage, spanning the most appropriate period (shortest time, high deformation). For345
this, we use the period undergoing maximum deformation, displaying as much as ∼ 5 cm of line-of-sight346
deformation (Figure 4). Selection of the ERS-1 track 365 (descending orbit) interferometric pair spanning347
August 1997- September 2000 satisfies both criteria. To reduce the signal-to-noise ratio, the interferogram348
is filtered for a pixel coherence threshold of 0.2. Other ERS-1 InSAR data were also processed for similar349
periods of time, but not used due to the low signal-to-noise ratio. No GPS data were available until 2001350
and cannot be used to study the maximum uplift rate period.351
The lack of a full 3D image of the deformation source, necessary to distinguish between different source352
geometries (Dieterich and Decker, 1975) and the almost symmetric shape of the 2D deformation pattern353
implies that source geometry is far from unique, and a wide range of sources are possible. We explore354
spherical point, prolate spheroid and sill-like sources providing similar misfit to the geodetic data. Although355
the sill location is well constrained, the size of the source was statistically poorly resolved. Radius and356
dimensionless excess pressure PDFs display a bi-modal shape (slightly unstable inversion results Figure 5).357
Similar bi-modality are found for PDFs of the prolate spheroid parameters.358
Previous studies mentioned above revealed that the temporal evolution of the uplift signal can be359
represented by a time-invariant volcanic source geometry and location with a decreasing inflation rate.360
Therefore, we assume the source has not changed significantly either in shape nor in location since the361
onset of deformation. Furthermore, the misfit values does not significantly change when considering the362
sources to model different periods of the temporal series of inflation, obtaining similar estimations of the363
rate of volume change, even independently of source type. The differences between inversion methods364
and data selection might explain that our optimal inversion results suggest a slightly shallower source with365
a corresponding smaller increment of volume change. Despite that, considering that the models fit the366
data well and yield similar misfit values, we conclude that it is reasonable to assume the spherical point367
source as the simplest kinematic model that explains the signal. Furthermore, the values for depth and368
increments of volume change lie within our 95% credible intervals (Table 3). Wicks (2002) processed three369
interferograms, obtaining an increment of volume change of ∆V = 23×106 m3 and depth of 6500 m for370
the one with the largest apparent signal-to-noise ratio. Ultimately, a deeper source will trade-off with a371
greater ∆V , to fit the same surface deformation. Although the time acquisition of the best interferogram of372
Wicks (2002) spans only one year more than our InSAR data interferometric pair, the important difference373
between our ∆Vrate =∼ 3.00×106 m3/yr and their ∆Vrate =∼ 5.75×106 m3/yr is mainly due to their depth374
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estimation. Our InSAR interferogram matches one of the other two by Wicks (2002). For that interferogram,375
their model gives depths ∼ 1 km shallower, being closer to our depth estimation.376
5.2 Time series of volume changes: Regularization using the truncated SVD377
To assess the effect of the regularization, we compared the increments of volume change (∆Vi, Equation378
1) and the corresponding simulated observations ( ∆Vireconstruction =V(i+1)inversion−Viinversion from the results379
of Equation 6) for different levels of regularization. Figures 9A and 9B show the solution for an extreme380
regularization, using only the first 0.2% and 2% nonzero singular values (oversmoothing solutions). For381
the 0.2% case, the values of ∆Vi associated with the InSAR data display a wide dispersion, and the ∆Vi382
associated with GPS data acquire discrete values, i.e, the same ∆Vi value is obtained for many different383
time intervals. Figure 9D represents the case of non-regularization (less filtering, maximum solution size384
and minimum misfit). The residual in Figure 9D is minimized because the solution reproduces even the385
seasonal perturbations of the GPS data (undersmoothing solution). There is a seasonal deformation of the386
crust associated with the surface load of the snow cover. It is possible that the magma reservoir’s internal387
pressure also fluctuates seasonally in response to this effect. However, from CGPS data alone we cannot388
resolve the cause of these fluctuations. Therefore, a smoother solution is preferred to depict the long-term389
deformation time series. This is given by the combination of Picard condition and L-curve criteria; it390
corresponds to the appropriate smoothing solution, i.e, 24.1% nonzero singular values (Figure 9C).391
5.3 Time-scales of inter-eruptive uplift signals: Three Sisters and other volcanoes392
The continuous and extended regularized time-series of volume change allow us to study the inflation393
process in detail. Riddick and Schmidt (2011) proposed a piece-wise linear parametrization with two394
changes in rate provides a good fit to uplift rates till 2009 explaining two different inflation processes395
beginning at 1998 and 2004 at Three Sisters. This model was supported by the detection of a seismic396
swarm in 2004. Our denser, longer time-series clearly show a smooth and continuous function, which we397
interpret as a fast inflation followed by relaxation of the crust (Figure 10). We are specifically interested on398
the interval of decaying rates. Consequently, the time-series is divided into two main intervals separating399
increasing and decaying behaviour of volume rates. An exponential function can reasonably reproduce the400
relaxation process. Therefore, we propose a piece-wise parametric of the form:401
V (t) =
{
d , t < t0
a−bexp−(c · (t− t0)) , t ≥ t0
(8)
where a, b and d are constants, 1/c = ε is the characteristic relaxation time constant, here after named402
e-folding parameter, and t0 is the start of the exponential trend. We solved the parameters of this model403
using a non-linear least-square fit. To minimize the influence of outliers, we used regression method: the404
Least Absolute Residuals (LAR) and Bisquare weights methods, considering also the data uncertainties405
(weighted). Four methods (Bisquare, Bisquare-Weighted, LAR, LAR-Weighted) show very similar fit,406
LAR performing the best (Figure 10, Table 4). Time-series from the median, and 5% and 95% percentiles407
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of the PDF distribution for depth, along with the variance of the curve fitting, permit constraining the lower408
and upper limits of e-folding and t0 parameters.409
Our time-series spans 26 years and presents a characteristic time constant of 9.48 [+0.12,−0.17] years.410
This new result updates the value of 5.3 years obtained by Dzurisin et al. (2009) from an 8-year time-series411
of GPS displacements from 2001 to late 2008. Riddick and Schmidt (2011) hyphotesized that one injection412
of magma started between June 1996 and July 1997, given StaMPS results for T385 ERS. The updated413
volume time-series presented in this study shows a clear exponential decay trend. We estimate a start date414
for the exponential trend between October 1998 and August 1999 (Table 4). These results suggest that415
the continuous uplift signal will be detectable for a few decades, considering volume change rates as low416
as 0.1 ·106 m3. As late as January 2020, our inflation time-series indicated that the cumulative volume of417
a spherical point source with dmedian = 5000 m is 29.1 · 106 m3. For d5% = 4500 m and d95% = 6000 m,418
the values are 22.7 ·106 m3 and 39.9 ·106 m3, respectively. This range of values is consistent with those419
predicted by Dzurisin et al. (2009) for a prolate spheroid model, 44.9 to 51.6 ·106m3 (where the uncertainty420
is 10− 20% of those values). This estimation of the cumulative volume is 10 to 20 times less than the421
volume erupted from Mount St. Helens in May 1980 (Wicks, 2002).422
To compare the characteristic relaxation time for other volcanoes with recent and well-studied unrest423
episodes, we compiled and modeled the available geodetic and volume time-series of the following volcanic424
systems: Okmok (Biggs et al., 2010, Figure 4), Long Valley (Hill et al., 2020, Figure 3a), Uturuncu (Lau425
et al., 2018, Figure 4), Laguna del Maule (Le Mével et al., 2015, Figure 2b), Yellowstone (Tizzani et al.,426
2015, Figure 2), Campi Flegrei (Troise et al., 2007, Figure 1b), Santorini (Parks et al., 2015, Figure 10),427
Alutu (Hutchison et al., 2016, Figure 7), Agung (Syahbana et al., 2019, Figure 3d). We estimated the428
e-folding parameter following equation (8), for t > t0; i.e., comparing different volcanic systems, each with429
a different characteristic relaxation time. Greater e-folding indicates longer relaxation times, as shown in430
Figure 11A. The estimated e-folding parameters vary between 0.033 and 10 years, for uplift and inflation431
episodes lasting between 60 days and 26 years. Our selected volcanoes, particularly those of the North and432
South American volcanic arcs, present the longest e-folding times (Figure 11B).433
From the small selection of volcanoes, neither the type nor composition of the volcanoes seems to434
be decisive for the characteristic relaxation time associated with their inter-eruptive periods. However,435
those with a shorter e-folding display significant changes in their behavior after relaxation. For instance,436
Campi Flegrei exhibited an increment in displacement from 1968−1972, with an e-folding of 1.38 years.437
Next, the subsidence rate was small until 1982, and the deformation trend changed due to a new uplift438
episode during 1982−1983, followed by subsidence during 1990−1995. Those features were related to an439
overpressure in the magmatic source and fracturing of the rock volume between the magmatic fluids and the440
aquifer (Troise et al., 2007). Alutu underwent two inflation pulses, the latest showing a short e-folding or441
relaxation time of 0.033 years, during the period October-December 2008, then a slow deflation took place.442
These short time-scale suggest the migration of hydrothermal or magmatic fluids or volatiles (Hutchison443
et al., 2016). Agung went through an uplift from August-October 2017, characterized by an e-folding444
of 0.038 years, then in late November, a phreatomagmatic eruption and stronger explosions took place445
(Syahbana et al., 2019). Santorini presented a source inflation process with an e-folding of 0.28 years for446
the period October 2011- August 2012 (Parks et al., 2015). Then, its subsidence rates increased in the447
post-unrest period 2012−17, suggesting the superimposition of various deformation sources (Papageorgiou448
et al., 2019). The Okmok inflation episode during the period May 2002 - September 2007 had an e-folding449
of 1.24 years. Although there was a small amount of deflation (Biggs et al., 2010), the general trend can be450
modeled as an exponential decay. After this inter-eruptive episode, a phreatomagmatic eruption occurred in451
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July–August 2008 (Larsen et al., 2015). Long Valley deformation series presents an e-folding of 5.31 years452
for the period 1978− 1988, with no significant seismicity detected during the interval ∼ 1986− 1988.453
After the exponential decaying trend, there was a renewed unrest, characterized by recurring earthquake454
swarms and tumescence of the resurgent dome (Hill et al., 2020). Yellowstone went through an uplift during455
2005−2010, with an estimated e-folding of 2.1 years. Since 2015, subsidence of Yellowstone caldera has456
occurred at an average rate of 2−3 cm per year, as reported by Yellowstone Volcano Observatory (USGS).457
Laguna del Maule is the only volcano that yields a high relaxation time value for a short inter-eruptive458
period (2010−14), according to Le Mével et al. (2015). However, the fit of the data for this period could459
also be due to a linear inflation pulse superimposed on an exponentially decaying deformation rate. On the460
other hand, Uturuncu and Three Sisters present the longest e-folding (8.93 years and 9.48 years), without461
showing significant changes in their volcanic activity. Although these results are very preliminary and462
statistically unimportant, the e-folding parameter seems to be an informative variable in the magnitude463
of the inter-eruptive period time scales and its relationship with the restart of unrest in these particular464
volcanic systems.465
We re-scaled the observed time-series to properly emphasize similarities on the exponential decay. We466
normalize displacement or volume change (y′), as a function of normalized time by means of the e-folding467
parameter (t ′):468
y′(t) = (y(t)− y0)/(yt∞− y0) (9)
469
t ′ = (t− t0)/ε (10)
where y0 is the displacement or volume change at t0, yt∞ is the value after total relaxation (i.e, at t = t∞), and470
t0 is the onset of the exponential function. It is worth noting that using the e-folding parameter accurately471
represent the characteristic relaxation times, and hence re-scales invariantly the observations.472
Figures 11C, D and E show the resulting normalized time-series for each volcano, revealing a strikingly473
similar pattern. This behavior seems to be independent of the e-folding value or duration of the inter-474
eruptive episode. Accordingly, the temporal invariance could indicate that there is a limited set of physical475
scenarios underlying inter-eruptive inflation episodes. This evidence rules out inter-eruptive physical476
processes other than those with an exponential time-dependent solution. Several physical models could477
explain deformation with this pattern (e.g., Lengliné et al., 2008, Reverso et al., 2014, Walwer et al.,478
2019). Dzurisin et al. (2009) put forward several mechanistic explanations for Three Sisters: (1) hydraulic479
pressurization or instantaneous response of the crust to continued intrusion at depth; (2) pressurization480
of the hydrothermal system; (3) viscoelastic response of the crust due to an intrusion emplaced at depth.481
Zurek et al. (2012) concluded, based on the lack of gravity change from 2002-2009, that deformation at482
Three Sisters reflects a viscoelastic response of the crust to a previous intrusion of magma. Our analyses,483
which localized the start of the exponential decay around 1998-1999, favors the hypothesis of a viscoelastic484
response of the crust. Future work should be focused on whether the deformation could be a viscoelastic485
response to a very rapid magma emplacement or to several years of active intrusion of magma. Although486
limited in scope, this analysis is a step towards understanding the time-scale of inter-eruptive processes. In487
regards to eruption forecasting, the uplift/inflation itself cannot be used as a pre-eruptive precursor without488
knowing what controls it through the combination of petrological and/or geophysical data.489
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6 CONCLUSION
The evolution of volume change time-series at active volcanoes can be studied by combining heterogeneous490
geodetic datasets. For Three Sisters volcano, we combined high spatial coverage from multiple InSAR491
satellite data and long term temporal information on the three-components of the only available continuous492
GPS. We improved a previous two-step approach to volume time-series reconstruction, by including a493
non-arbitrary truncation level. The cut-off criterion for truncation (i.e., type of filter) is necessary to obtain494
a solution without too much loss of resolution affecting the stability of the inversion. We proposed a495
method that combines the Discrete Picard Condition and the L-curve. Furthermore, our approach takes496
propagation errors into account in all inversion steps. The final time-series is determined considering volume497
change rates instead of increments of displacement, avoiding problems deriving from the amplification of498
uncorrelated noise between adjacent GPS data or propagation through the time-series of the uncertainty of499
the first acquisition.500
The inflation time-series of Three Sisters since 2018 shows a noticeable change in the trend, which501
departs from the previous asymptotic trend towards a constant decay rate. This change can be explained502
by a fixed step in the position, such as that caused by a change in the instrumentation or monumentation.503
However, we cannot rule out a minor injection of magma or fluid pressurization beneath Three Sisters.504
Considering the wide range of erupted magma compositions and eruption styles, any changes in the Three505
Sisters background uplift behavior should be evaluated as an important indicator of future volcanic activity.506
The Three Sisters volcano uplift is still on-going. The Bayesian inversion of source parameters gives507
95% credible intervals, the depth for a spherical point source being between (4500−6000) m. Parametric508
modeling of the inflation time-series associated with the median, and 5% and 95% percentiles of source509
depth allow us to constrain the onset of the exponential trend to between October 1998 and August 1999510
and the characteristic relaxation time to 9.48 [+0.12,−0.17] years. Therefore, in the absence of different511
or new unrest signals, we estimate a continuous uplift signal, at diminishing but detectable rates, lasting for512
few decades (currently estimate to 2054[±2 years]).513
Inter-eruptive uplift/volume change signals of analyzed volcanoes show rather simple and time-scale514
invariant behaviour, after a proper scaling. We interpret this observation as pointing to a rather reduced set of515
physical mechanisms underlying inter-eruptive inflation episodes that are consistent with exponential decay516
(viscoelastic response and/or hydraulic pressurization). Furthermore, we suggest that the magnitude of the517
characteristic relaxation time can be indicative of significant changes of background behaviour on volcanoes.518
Temporally persistent, long-lasting and overlapping uplift signals are potential confounding indicators for519
the classic inflation-eruption-deflation cycle model. We highlight the importance of high-temporal and520
continuous surface deformation monitoring to identify any departures of background temporal behaviour521
(potentially very complex), as an indicator of future eruption hazard in persistent uplifting volcanoes.522
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Figure 1. (A): Shaded relief map for the Cascade range, with locations of representative Cascade volcanoes.
Three sisters volcano is highlighted with black squares. (B): Regional map of Three Sisters volcano complex.
The continuous GPS station HUSB, located at ∼ 5 km west of South Sister volcano, is shown as a purple
circle with black outline.
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Figure 2. North (UNorth), east (UEast) and vertical (Uup) components of the continuous GPS displacements
at HUSB.
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Figure 3. The linear surface deformation LOS velocity (mm/year) obtained for the ascending Path 219
ALOS-1, using the small baselines method implemented in StaMPS (Hooper et al., 2012) for the period
January 2007 to March 2011. Positive LOS velocity values corresponds to displacements towards the
satellite, i.e., uplifting. Black triangles and star represent the Three Sister complex volcano system and
the approximate center of the uplifting area. StaMPS LOS velocity results were noisy and we post-
processed to reduce undesirable oscillations of non-volcanic origin. We applied a band pass filter to retain
spatial deformation signals between 10 and 0.8 km using a median filter (GMT blockmedian). Results
indicate a 6 km circular uplift pattern west of South Sister with a mean LOS velocity of approximately
5−10 mm/year, consistent with a value obtained for the Husband CGPS station during the same period
(5.21 mm/year), shown as circle with a black outline.
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Figure 4. Wrapped InSAR data and model results for Track 385 of the ERS satellite. (A), (D): Line-of-
sight (LOS) deformation observed in a nearly 3 years period from 24 August 1997 and 17 September 2000,
considering only pixels with coherence> 0.2. Green triangles represent the Three Sister complex volcano
system. (B), (E): Bayesian model and horizontal location for the median a posteriori probability solution
(blue star) for a predicted Mogi and sill-like source, respectively. (C), (F): Residual maps for Mogi and
sill-like source. The model parameters results are presented in Figure 5 and Tables 1 and 2.
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Figure 5. Posterior probability distributions for the Mogi and sill-like source models. Black solid lines
show the optimal value for the corresponding model parameter (Table 1 and 2 ).
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Figure 6. Increments of volume change obtained for all interferograms (ERS, ENVISAT, ALOS-1 and
SENTINEL-1), according with the median value for the source depth.
Figure 7. Cumulative increments of volume changes for the CGPS station, Husband. The figure shows the
results according with the median value for the source depth.
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A
B
Figure 8. (A): Discrete Picard Plot condition, suited for the analysis of ill-posed problems. The solution is
stable when the Fourier coefficients,
∣∣uTi ∆Vi∣∣, on average decay to zero faster than the reciprocal singular
values, si. In this case, the problem can be consider stable, discarding the last 10% singular values. (B):
L-curve showing the trade-off between minimizing the residual norm (
∥∥BV̇T2−∆V∥∥2) and minimizing the
regularized solution size (
∥∥V̇T2∥∥2). The L-corner (represented in red) is located exactly where the solution
changes in nature from oversmoothing (i.e, dominated by regularization errors) to being dominated by
residual size.
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Figure 9. ∆Vi data (increment of volume change obtained from InSAR and CGPS deformation data,
Equation 1), versus Simulated observations (∆Vireconstruction =V(i+1)−Vi, Equation 6). (A) and (B): Inversion
solutions with regularization, using only the first 0.2% and 2% nonzero singular values, respectively
(oversmoothing solution). (C): regularized solution using the L-curve criteria corresponding with 24.1%
nonzero singular values (appropriate smoothing solution). (D): no regularization case (undersmoothing
solution).
Figure 10. Volume change time series for a Mogi source (constrained by both the GPS and InSAR data),
at different depth estimations (Table 1): median value (light green), 95% and 5% percentile values (yellow
and dark green). Cian solid lines represent predicted curves through Non Linear Least Squares (NLS),
Least Absolute Residuals (LAR) method, following the e-folding characteristic shape function of Equation
8. Stars show the location of the beginning of the exponential function: for data associated with median
depth value estimation (light green), 95% and 5% percentile values (yellow and dark green).
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Figure 11. (A): Estimated e-folding parameter of other available geodetic and volume time series from
volcanoes with recent and well-studied unrest episodes: Okmok (Biggs et al., 2010), Long Valley (Hill
et al., 2020), Uturuncu (Lau et al., 2018), Laguna del Maule (Le Mével et al., 2015), Yellowstone (Tizzani
et al., 2015), Campi Flegrei (Troise et al., 2007), Santorini (Parks et al., 2015)), Alutu (Hutchison et al.,
2016), Agung (Syahbana et al., 2019). (B): Geographic location and classification according to the type of
Volcano. (C,E,F): Normalized uplift or volume change, y′ (Equation 9) as function of normalized time, t ′
(Equation 10).
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TABLES
Table 1. Prior information and Bayesian inversion results with the median a posterior probability solution
and the 95% credible intervals, for the Elastic half-space Spherical Point Pressure deformation source
(Mogi, 1958).
() Prior information.
Xcenter (m) Ycenter (m) Depth(m) ∆V (106m3)
Lower −1.00×103 −1.00×103 5×102 0.1
U pper 1.50×104 1.50×104 2.00×104 1.00×104
Step 25 25 50 1.00×10−3
Start 2.00×103 2.00×103 1.00×103 0.1
() Inversion results. Geo-reference point is [−121.9, 44.03]degrees.
Lon(degrees) Lat (degrees) Depth(m) ∆V (106m3)
median −121.8382 44.1055 5000 8.99
5% −121.8418 44.1030 4500 6.98
95% −121.8350 44.1082 6000 12.66
Table 2. Prior information and Bayesian inversion results with the median a posterior probability solution
and the 95% credible intervals, for the Elastic half-space Penny-shaped sill-like source (Fialko et al., 2001).
() Prior information.
Xcenter (m) Ycenter (m) Depth(m) Radius(m) ∆P/µ
Lower −1.00×103 −1.00×103 5×102 100 1×10−5
U pper 1.50×104 1.50×104 2.00×104 4000 10
Step 25 25 50 50 1×10−6
Start 2.00×103 2.00×103 1.00×103 100 1×10−2
() Inversion results. Geo-reference point is [−121.9, 44.03]degrees.
Lon(degrees) Lat (degrees) Depth(m) Radius(m) ∆P/µ
median −121.8368 44.1018 6300 250 0.23
5% −121.8398 44.0997 5600 220 0.05
95% −121.8339 44.1041 7200 400 0.30
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Table 3. Source location comparison for Three Sisters (assuming a Mogi source) from Previous Studies
and the bayesian inversion carried out in this Study.
Inversion Depth(m) ∆V (106m3) ∆Vrate (106m3/yr)
1996−2000, InSAR(1) 6500±400 23.00±3.00 ∼ 5.75±0.75
2001−2008, Geodetic ground base data(2) 5800 22.20 ∼ 3.14
1993−2008, InSAR(3) 5200±100 57.00[+1.95,−3.60] ∼ 3.80[+0.13,−0.24]
1997−2000, InSAR [This study](4) 5000 [+1000,−500] 8.99 [+3.67,−2.01] ∼ 3.00[+1.22,−0.67]
(1)ERS Descending (08/1996- 10/2000) (Wicks, 2002); (2)Campaign GPS, CGPS and Leveling (05/2001-late 2008) (Dzurisin
et al., 2009); (3)ERS Track 385 Descending (08/1993-08/2008) (Riddick and Schmidt, 2011); (4)ERS Track 385 Descending
(08/1997-09/2000).
Table 4. e-folding parameters obtained by NonLinear Least Squares, using the Least Absolute Residual
method (LAR). Upper and lower bounds for the curve fitting parameters, encompassing the results for the
volume changes series related to the 5%, median and 95% percentile values of source depth estimate.
Value c(yr−1) 1/c(yr) t0(yr) R− square RMSE
optimal 0.1055 9.48 1999.09 0.989 0.60×106
lower bound 0.1042 9.60 1998.75 0.998 0.18×106
upper bound 0.1074 9.31 1999.59 0.988 0.87×106
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